INTRODUCTION
Of all the events nominated as major transitions in evolution, none has received more attention than the rise of multicellularity. In part, this is because the subject can be approached from a number of perspectives, including systematics, developmental genetics, and the fossil record. And in part, of course, it is because multicellularity shapes our perceived biological landscape and, indeed, ourselves. In this paper, we begin with brief discussion of the phylogenetic distribution of multicellular organisms in general and complex multicellular life in particular, clarifying the important distinction between the two. We argue that multicellularity per se, the transfer of individuality from one cell to a coordinated group of attached cells (Michod, 2007) , was necessary for the emergence of complex multicellularity, but it was not sufficient. In ensuing discussion we offer a biophysical answer to the question of what features distinguish the biomass-and species-rich clades of complex multicellular organisms from their simpler and less diverse sister groups. Only the animals, streptophyte green algae, florideophyte red algae, brown algae and three clades of fungi have evolved active transport mechanisms for oxygen, nutrients and signaling molecules that circumvent the strong constraints imposed by diffusion. A review of the Proterozoic fossil record shows that the radiations of complex multicellular animals and algae can be linked to an Ediacaran increase in the oxygen content of the atmosphere and oceans, confirming the historical link between diffusion and the evolution of complex multicellular organisms.
PHYLOGENETIC CONTEXT
The first observation to make about multicellularity is that it does not occur in most eukaryotic clades. Patterson (1999) recognized 70 major clades of eukaryotes. 53 of these are populated exclusively by unicellular organisms, predominantly motile predators on bacteria and other particle feeders, phytoplankton, and parasites. Most of these groups have few known species, conspicuous exceptions being the ciliates (which include some simple multicellular species), dinoflagellates, and granulreticulosids (mainly foraminiferans). Even the most diverse of these groups, however, fall two orders of magnitude short of the species richness documented for the most diverse multicellular clades 1 . Given the ecological and evolutionary success of single cells in these groups, the presence of multicellularity in Patterson's remaining 17 clades requires functional explanation. Nine of the 17 groups include simple filaments, hollow balls, sheets, or colonies organized by branching stalks. Patterson (1999) discussed stramenopiles (a large clade that includes the brown algae, diatoms, chrysophytes and a number of other groups, both algal and heterotrophic), Viridoplantae (all green algae and their descendants, the embryophytic land plants), and opisthokonts (animals, fungi and their close protistan relatives) as single entities, and subdivision of these megaclades increases this number to 13 or more. Most are algal, although stalked colonial particle feeders have evolved at least three times, and simple filamentous fungi are absorptive heterotrophs. The widely discussed selective advantages of predator avoidance and positional effects provide a reasonable functional explanation for most. In colonial heterotrophs such as the stalked ciliate Epistylis or mixotrophic chrysophytes, feeding may be facilitated by the coordinated beating of flagella. Complex multicellular organisms evolved from simple multicellular ancestors, but not all groups with simple multicells gave rise to complex descendants. In fact, most did not.
An additional four groups have achieved multicellularity via aggregation during one stage of the life cycle. Five others (two algal, three heterotrophic) have adopted coencytial organization to achieve quasi-multicellularity and, in some cases, macroscopic size. There is no evidence that any of these evolved from simple multicellular ancestors; nor have any spawned complex multicellular descendants.
Collectively, simple multicellular organisms form a heterogeneous grouping that defies simple phylogenetic, functional or developmental categorization. Indeed, we might choose to define many of these groups out of the discussion, depending on whether we insist that multicellularity include intercellular connections and/or cell differentiation. We prefer to deal them in, as they record important comparative biological information about the roads to (and in some cases, away from) complex multicellularity.
Most groups with simple multicellularity share several properties. Adhesive molecules (or, as in some filamentous diatoms, simple interlocking of wall protuberances) connect adjacent cells. Even with these physical attachments, however, communication and transfer of resources among cells and cellular differentiation are limited in some groups, absent in others. The multicellular state is both functional and persistent in these groups, and it appears to confer selective advantage. The penalty for loss of constituent cells, however, is commonly small. Michod (2006) modeled the emergence of multicellularity in terms of a downwardly convex curve relating fecundity and viability. Initially, increasing cell number may promote viability by, say, deterring predation; as long as most or all cells retain the capacity to reproduce, mean cell fitness will remain high. With increasing differentiation, however, mean cell fitness can decline even as mean cell viability continues to increase, due to reduction of per-cell fecunditydiatoms, with 10,000 described and 100,000 estimated species, many of them simple filaments; Kooistra et al., 2007) . The same, however, is true of the animals and complex fungi, so that protistan diversity would need to be underdescribed by more than two orders of magnitude for unicellular and simple multicellular species to match the diversity of complex multicellular species.
hence the convex shape of Michod's curve. As long as viability gain exceeds fecundity loss, overall fitness will increase, favoring multicellurity.
Importantly, for reasons discussed below, every cell in simple multicellular organisms is in direct contact with the external environment, at least during phases of the life cycle characterized by nutrient acquisition and active metabolism.
In contrast, complex multicellularity has evolved in animals, fungi (at least three times; Hewitt, 2007) , green algae, red algae, and brown algae. Species in these clades show evidence of cell-cell adhesion, intercellular communication (e.g., gap junctions, plasmodesmata), and cellular and tissue differentiation mediated by networks of regulatory genes. Programmed cell death occurs in a number of these groups (as it does in some unicellular clades; e.g., Vardi et al., 1999 ), but unprogrammed cell or tissue loss can be lethal for the entire organism -perhaps more so in metazoans than in other groups with persistent stem cells. Notably, organisms in these clades display a multicellular organization in which only some cells are in direct contact with the environment.
The presence of exterior and interior cells is, in our view, critical. In consequence, cells do not all have equal access to nutrients and therefore will not accumulate biomass at a uniform rate -unless a mechanism evolves for the transfer of resources from one cell to another. Also, interior cells no longer receive signals directly from the environment, even though response to environmental dynamics remains key to growth, reproduction, and survival. Complex multicellular organisms, therefore, require mechanisms by which environmental signals can be received by surficial cells and transduced to interior cells, where genes will be up-or down regulated in response. Of course, development in complex multicellular organisms can be defined as up-or down regulation of genes in response to molecular signals from surrounding cells. In animals or plants, the effective environment of most cells is cellular, but signaling between adjacent cells may derive from fundamental mechanisms of signal transduction evolved in response to a need for life history regulation (Knoll and Bambach, 2000; Schlichting 2003 ; see below).
Only active transfer processes will free multicellular organisms with interior and exterior cells from the sharp constraints of molecular diffusion. Inspection of the three plots in Figures 1  and 2 shows that, indeed, the circumvention of diffusion by active transport of metabolites and molecular signals differentiates biomass-and species-rich clades of eukaryotes from their less diverse sister groups. Within the Streptophyta (Fig. 1A) , for example, the three basal clades of unicells (Mesostigmatales), sarcinoid colonies (Chlorokybales), and simple filaments (Klebsormidiales) have only a few dozen species among them. More distal branches include the Zygnematales [ca. 6000 species of filamentous and (derived?) unicells] and their sister group, the megaclade characterized by complex branching, intercellular connections via plasmodesmata, and, in some cases at least, cells that are completely surrounded by other cells. This clade includes the Coleochaetales (ca. 20 species), Charales (81 species), and the most derived and three-dimensionally complex streptophytes, the embryophytes, with some 400,000 species and a collective biomass larger than all other eukaryotes combined. Similar patterns of species richness and biomass characterize the red (Fig. 1B) and brown algae, metazoans and their sister groups, and fungi ( Fig. 2) . High abundance and diversity reflect the functional possibilities of three-dimensional organization (Niklas, 1994; Marshall, 2005) , shaped by evolvable networks of regulatory genes (Gerhart and Kirschner, 2007) , but fundamentally made possible by active transport mechanisms.
DIFFUSION AND ITS CIRCUMVENTION
As noted above, three-dimensional anatomical structure has the functional consequence that many cells within the individual will not be in direct contact with their physical environment. Interior cells will not have access to the same nutrients or environmental signals as surface cells, and the extent of interior privation will be a direct function of diffusion.
Metabolism
Bacteria are metabolic machines adapted for a world of intermittent resource availability (e.g., Knoll and Bauld, 1989) . Fitness in bacteria is a strong function of metabolic rate when resources are present, and metabolic rate, in turn, reflects resource diffusion into the cell. Commonly, therefore, bacterial cells tend toward a high ratio of surface area to volume (by being small) and are everywhere in contact with the surrounding environment. Archaea appear to take this a step further, being adapted for environments where energy availability is limited (Valentine, 2007) . Under these conditions, it is not surprising that cell differentiation and complex, three-dimensional multicellularity are poorly developed in the prokaryotic domains.
Diffusion also constrains function in eukaryotic organisms, with P O2 , P CO2 , availability of fixed nitrogen, and concentrations of sugars or other metabolizable organic substrates all imposing potential constraints on size. Oxygen provides a particularly illuminating example, and is in fact unique as there are no transmembrane pumps that permit O 2 concentrations to build internally against a concentration gradient. Catling et al. (2005) have spelled out in detail why oxygen is a universal requirement for large multicellular organisms. Only the oxidation of organic molecules by O 2 provides sufficient energy to build a food chain that includes energyintensive, macroscopic heterotrophs, and only oxygen in concentrations approaching those of the present day permits the oxygenation of interior cells in macroscopic organisms limited by diffusion 2 . Indeed, on this planet, no other oxidant exhibits both comparable abundance and energy gain from respiration --for large complex heterotrophs, there is no metabolic alternative to oxygen.
The constraints placed by oxygen diffusion on organism size were recognized nearly a century ago (Krogh, 1919; Graham, 1988) . The thickness of cells or tissues that can be oxygenated by diffusion is a function of mass-specific metabolic rate (how rapidly oxygen is 2 Under the specific conditions where fermentable substrates are present in high concentration, the high rates of ATP production by fermenters may provide selective advantage over respirers in the same environment (Pfeiffer et al. 2001 ), but at the time(s) when multicellularity arose, such environments must have been a small subset of available habitats. Yeasts, for example, are thought to have evolved only 120-65 million years ago, in response to the evolution of sugar-rich angiosperm fruits (Thomson et al., 2005) . used) and the partial pressure of oxygen in the ambient environment (how much oxygen is available for use). In shallow marine waters in direct contact with today's atmosphere, O 2 diffusion limits tissue thickness to ca. 1 mm to 1 cm, depending on metabolic rate (Figure 2 ; Raff and Raff, 1970; Runnegar, 1991) . Severe or prolonged hypoxia causes cell death in animals, and it also appears to activate signaling pathways (Blackstone, 2001) , including those that cause unprogrammed cell proliferation (Harris, 2001; Saul and Schwartz, 2007) .
Inward diffusion of metabolizable organic molecules will also limit tissue thickness in heterotrophs, and CO 2 , light, and nutrient (e.g., nitrate or ammonia) penetration will do the same in autotrophs. [Even in the simple multicellular alga Volvox, coordinated beating of flagella is required to circumvent diffusive limitation by modifying the surface boundary layer (Short et al., 2006) .] The key point is that three-dimensionality potentially opens up a universe of new functional possibilities, but this potential can only be realized if resources needed for growth and reproduction can be transported among cells.
In green, red and brown algae, intercellular transport is facilitated by plasmodesmata, ER-containing strands of cytoplasm that connect adjacent cells via pits in cell walls (Table 1) . Algae also have membrane pumps that can move bicarbonate and other simple molecules across cell boundaries against a concentration gradient. Fungi commonly have incomplete cell walls that facilitate intercellular transfer of metabolites, whereas animals, lacking cell walls, have gap junctions and other protein-modulated modifications of cell membranes to govern molecular traffic between cells. Within these clades, some groups have evolved specialized cell and tissue types for long distance transfer of metabolites: phloem in vascular plants, trumpet hyphae in brown algae, rhizomorphs in fungi (Cairney 2005) and complex circulatory systems in animals (Table 1) . Most fungi have the capacity for metabolite transfer across short distances, but fossils of meter-scale fungi that stood out like giants in Devonian landscapes contain networks of wide tubular cells that likely facilitated transfer of metabolites from mycelia to fruiting bodies (Boyce et al., 2007) . Animals have also elaborated specialized surfaces (Graham, 1988) to facilitate oxygen intake and oxygen-binding pigments that are transported throughout the body by fluids. Schlichting (2003) recognized the consequences of three-dimensional growth for cell differentiation and, hence, development. As in the case of metabolism, these consequences stem from the fact that in three-dimensional multicellular organisms, only a subset of all cells is in direct contact with the environment. Many (but not all) of the signaling molecules employed by plants and animals occur in unicellular organisms found on closely related branches of phylogenies. For example, a number of gene families implicated in cell signaling and adhesion have been discovered in choanoflagellates (Segawa et al., 2006; King et al., 2008; Abedin and King, 2008) . Similarly, BIP2-like proteins known to regulate development in seed plants have been identified in the unicellular streptophyte Mesostigma . MiRNAs that function in the regulation of vascular plant development have also been reported from the unicellular green alga Chlamydomonas (Molnar et al., 2007) . For the most part, the functions of these protistan genes remain unknown, but many are likely active in mediating morphological and cytological changes associated with life cycle variation (Knoll and Bambach, 2000; Schlichting, 2003; King, 2004; Ruiz-Trillo et al., 2007 ). An elegant example of this was provided by Nedelcu and Michod (2006) , who showed that the gene regA, which regulates terminal somatic differentiation in Volvox carteri, has a homolog in its close unicellular relative Chlamydomonas reinhardtii that may function in life cycle differentiation. Other signals adapted for multicellular development may have originated for signaling among cells in local populations, as seen, for example, in transient colony formation by the basal opisthokont Sphaeroforma (Ruiz-Trillo et al., 2007) .
Development
As Schlichting (2003) explained, three-dimensional growth has the consequence that interior cells will modify gene expression in response to external environmental change only if signals can be transduced to the interior from surficial cells that directly perceive environmental change. Moreover, the perceived physical and chemical environment of interior cells will differ from that of surface cells because nutrients, oxygen, and light will all be attenuated at depth. In a number of protists, non-motile, sexual stages of the life cycle are induced by nutrient or oxygen privation, raising the possibility that simple cell differentiation in multicellular organisms might originally have occurred as a direct consequence of three-dimensional multicellularity. In this context, it is important to note that differentiation into two cell types is not an evolutionary milestone of multicellular organisms. Many unicellular organisms have life cycles in which different cell types alternate in time -the innovation of multicellular organisms is the spatial (and not only temporal) differentiation of cells.
Reactive oxygen species (ROS) act as developmental signals in both macroscopic and microscopic eukaryotes (Blackstone, 2000; Aguirre et al., 2005) , and, in animals at least, hypoxia-induced ROS can trigger the proliferation of cancerous cells (Saul and Schwartz, 2007 , and references therein). Thus, in early organisms with multiple cell layers, active regulation may have been necessary not so much to induce differentiation but to prevent -or at least control -spontaneous differentiation along an unprogrammed signaling gradient.
In effect, in three-dimensionally complex organisms, the ambient environment of interior cells is other cells, and genetic up-and down regulation reflects perceived environmental gradients and signals from surrounding cells -the very definition of development. Moreover, signals generated by surface cells will diffuse inward, setting up a molecular gradient that will induce different genetic responses in cells along the gradient -again the essence of development in plants and animals (Schlichting, 2003) . Active transport [for example, auxin transport in plants (Sieberer and Leyser, 2006) or thyroid hormone action in animals (Feldt- Rasmussen and Rasmussen, 2007) , not to mention bulk transport by circulatory systems or vascular tissue] will increase the distance over which signaling can occur, again circumventing the limitations of diffusion and introducing topologically specific patterns of differentiation along the path of signal transport.
A Positive Feedback Loop
The obvious chicken-and-egg problem is whether size increase reflects or promotes the active transfer of nutrients, oxidants, and cell signals. The solution may be to consider the system of size, metabolism, and differentiation as a positive feedback loop.
Under a given set of environmental conditions (e.g., ambient oxygen and nitrogen concentrations), the size of an emerging multicellular organism will be limited, in the first instance, by diffusion. Plasmodesmata, gap junctions or other mechanisms will increase the allowable thickness of tissues by facilitating the transfer of metabolites and signaling molecules between adjacent cells. The length scale on which such transfer will be effective is, however, small. Moreover, the degree to which oxygen and diffusible nutrients will be available to interior cells will remain a function of diffusion.
It is important here to reiterate that there are no transmembrane pumps that permit O 2 concentrations to build internally against a concentration gradient; therefore, oxygen is a special case among molecular requirements, in that bulk flow of dissolved oxygen is required for long distance transport. As discussed below, this means that ambient oxygen levels must have exerted an important control on size and shape in emerging multicellular organisms.
At small sizes, direct cell-cell connections may be sufficient to support interior cells in three-dimensional organisms. Increasing thickness, however, will enlarge the distance between surface and interior, setting up an increasingly strong gradient of nutrients and signaling molecules. As noted above, this gradient may itself promote cell differentiation, and cells which differentiate in ways that facilitate molecular transfer will potentiate further size increase (e.g. Bell and Mooers, 1997) . In this way, size and cell differentiation can populate a positive feedback loop, governed by metabolic and signaling gradients, that will eventually carry populations across a functional threshold -to the size and complexity of vascular plants, for example, or bilaterian animals.
A GEOLOGICAL PERSPECTIVE
The fossil record for the first half of Earth history is poor. An Archean origin for eukaryotes has been postulated on the basis of geochemical signatures for methanogenic Archaea in rocks as old as 2.7 Ga and small subunit rRNA gene trees that place eukaryotes as sister to the archaeans. Consistent with this, steranes of probable eukaryotic derivation have been reported from 2.7 Ga rocks (Brocks et al., 1999) . Both the phylogenetic relationships of Archaea and eukaryotes (Cox et al., 2008) and the syngenicity of Archean steranes (Rasmussen et al., 2008 ; but see Waldbauer et al., 2009 ) remain topics of active debate. Moreover, at least some (hotly contested) models of eukaryiogenesis rely on ur-symbiosis between a methanogen and facultatively aerobic proteobacterium. According to these models, eukaryotes cannot pre-date the origin of methanogenic archaeans, but could, in principle, postdate them by a long interval. Regardless of preferred scenario, however, the establishment of protists with mitochondria specialized for aerobic respiration --which appears to have occurred in stem group eukaryotes --postdates the initial accumulation of oxygen in the atmosphere and surface ocean some 2.4 Ga.
When the curtain rises on the fossil record later in the Paleoproterozoic Era, eukaryotes are already present. Large ornamented unicells with wall ultrastructures known only among eukaryotes occur in 1800-1600 Ma rocks, as do simple filaments of possible eukaryotic origin (Knoll et al., 2006) . The oldest putative eukaryotic macrofossil, Grypania, is best known from 1600-1200 Ma deposits but occurs in rocks as old as 1900 Ma (Han and Runnegar, 1992) . Based on the assumption that this organism was structurally and functionally similar to the extant green alga Acetabularia, Runnegar (1991) concluded that Grypania could have lived in shallow marine environments with only a few percent of present day oxygen levels.
Bangiophyte red algae in ca. 1200 Ma cherts simultaneously record simple filamentous multicellularity, limited cell differentiation (including a cellular holdfast), and the appearance of a recognizable crown group member of a eukaryotic phylum (Butterfield, 2000) . In fact, simple eukaryotic filaments are common in fossil assemblages 1000 Ma and younger, and organisms with a three-dimensional arrangement of cells were present as early as ca. 800 million years ago (Knoll et al., 2006) . Consistent with phylogenetic inference, such fossils suggest that the molecular requirements for simple multicellularity were met early and often among eukaryotes (Knoll et al., 2006) .
Despite the early appearance of simple multicellularity, records of complex multicellular organisms begin only near the end of the Proterozoic Era. Simple bangiophyte red algae may occur in 1200 Ma rocks, but florideophytes with three-dimensional anatomy are first recorded in 600-560 million year old phosphatic rocks of the Doushantuo Formation, China (Xiao et al., 2004) . Although simple filaments assigned to the cladophoran green algae occur in 800-750 Ma rocks from Spitsbergen (Butterfield et al., 1994) , possible macroscopic greens first appear in 580-550 million year old shales (Steiner, 1994; Xiao et al. 2002) . Green algae with complex three-dimensional (coenocytic) architecture enter the record only in the Cambrian (Satterthwait, 1976) , whereas unequivocal embryophytes first appear in the Ordovician (Wellman and Gray 2000) . More generally, macroscopic seaweeds with complex morphology began to spread across marine shelves and platforms only ca. 580-560 Ma (Xiao et al., 2002) . On land, putative ascomycetes postdate the first appearances of embryophytes, but still occur in Lower Silurian rocks (Pratt et al., 1978; Sherwood-Pike and Gray, 1985) . Unequivocal records of complex multicellular fungi begin with silicified fossils in the earliest Devonian Rhynie Chert (Taylor et al., 1999) .
The earliest macroscopic heterotrophs are Ediacaran fossils preserved in basinal strata from Newfoundland, well dated at ca. 575 Ma (Narbonne, 2005) . Many of these organisms have a distinctive architecture based on iterated tubes or cylinders. Their phylogenetic relationships are widely disputed, but stem group animals or eumetazoans constitute the current best estimate for systematic placement. As in many modern cnidarians, metabolically active tissue in these organisms may have been limited to a thin layer surrounding an inert fluid-filled or gelatinous interior. Thus, the "metabolic thickness" supported by inward diffusion of oxygen may have been considerably less than the whole-body thickness estimated from fossil casts and molds. Well-dated rocks from northern Russia place the origin of motile bilaterian animals a bit before 555 Ma (Martin et al., 2000) , providing a minimum date for cm-scale animals with dense muscle tissues. Animals with biomineralized skeletons expanded globally at ~548 Ma (Grotzinger et al., 2000) , but only in the Cambrian did bilaterian animals with body plans comparable to those in present day oceans diversify (Budd and Jensen, 2000) .
No unambiguous animal macrofossils predate 575 Ma, but microfossils push the metazoan record further back into time, and molecular biomarkers may push even further. Phosphatic sedimentary rocks in southeastern China preserve the eggs and early cleavage-stage embryos (Xiao and Knoll, 2000) of early, perhaps stem group (Hagadorn et al., 2006) , animals. These embryos occur stratigraphically below the first macroscopic Ediacaran heterotrophs seen regionally; they may or may not be older than the first Ediacarans in Newfoundland. The Chinese embryos occur in the same beds as abundant and diverse cysts of unusual size and both morphologic and ultrastructural complexity. These cysts are distinct from those known to be produced by algae, but share many similarities with cysts formed by animals that have a resting stage in their life cycles (Cohen et al., 2009 ). Indeed, Yin et al. (2007) recently discovered embryos within one type of cyst. These cysts have been found in rocks well dated at 632 Ma, deepening the geological record of animals by nearly 60 million years.
Still older animals are recorded by steranes, the geologically stable carbon skeletons of sterol molecules found in ca. 650 Ma shales from Oman (Love et al., 2009) . Not all steranes are taxonomically diagnostic, but sponges constitute the most likely source of sterols with 24-isopropylcholestane skeletons (Love et al., 2009; Kodner et al., 2008) . Found in some abundance in Oman shales, these molecules preserve a biological signature even though body fossils are absent.
We can argue forever about molecular clocks and depths of diversification they suggest (e.g., Rogers and Hug, 2006; Bronham, this volume) , but rapidly accumulating geochemical evidence indicates that pre-Ediacaran environments were, at best, only intermittently conducive to large aerobic heterotrophs (e.g., Fike et al., 2006; Canfield et al., 2007 Canfield et al., , 2008 . Geochemical data suggest that atmospheric oxygen was an order of magnitude lower than current levels during most of the Proterozoic Era -empirically, the oxygen minimum layer in Proterozoic oceans showed a strong statistical tendency toward euxinia (e.g., Canfield, 1998; Anbar and Knoll, 2002; Shen et al., 2003; Arnold et al., 2004; Brocks et al., 2005; Scott et al., 2008) . Oxygen may have begun its second phase of increase early in the Neoproterozoic Era, but available evidence suggests that any Neoproterozoic trajectory was not monotonic. The global distribution of early diagenetic siderite in 700-580 Ma basins (Canfield et al., 2008 ) strongly suggests that both oxygen and sulfate, the other great oxidant in modern oceans, were low at this time. Geochemical data further indicate that larger sulfate reservoirs and more persistently oxic deep waters began to appear about 580 Ma and stabilized within about 20 million years (Canfield et al., 2007 (Canfield et al., , 2008 Fike et al., 2006) , signaling the advent of oceans with relatively modern redox chemistry.
Observation (Rhoads and Morse, 1971 ) and biophysical models (Runnegar, 1991) indicate that the abundances of oxygen likely for surface water masses in pre-Ediacaran oceans (< 10% PAL) were too low to support even mm-scale cell/tissue thickness in early, diffusionlimited animals. This doesn't require that metazoans were absent from these oceans, only that they would have to be small (or at least very thin). Given the impressive complement of animal signaling and adhesion molecules in sponges and cnidarians (Nichols et al., 2006; Putnam et al., 2007) and hypotheses that derive eumetazoans from larval sponges (Maldonado, 2004) , a good deal of genomic evolution and divergence could have occurred within the animal clade before the appearance of macroscopic metazoan fossils.
As noted above, large animals appear by 575 Ma and motile bilaterians with elevated energy requirements are known soon thereafter. Interestingly, as noted above, algae with complex multicellularity radiate at the same time, and biomarker molecules independently indicate that eukaryotes became major contributors to primary production only in the late Neoproterozoic Era . Why should low oxygen have limited the evolution of complex multicellularity in algae, which, after all generate oxygen? One obvious consideration is that algae also respire aerobically and do so at night, when they are not generating oxygen. Thus, they are subject to the same constraints of oxygen diffusion that limit heterotrophs. Moreover, oceans with redox structure like that inferred for the Proterozoic Eon would have a nitrogen cycle far different from the one we know at present. Before 580 Ma, fixed nitrogen was likely in low supply in most marine photic zones (Anbar and Knoll, 2002; Fennel et al., 2005) ; in its absence, algae would have competed poorly against nitrogen-fixing photosynthetic bacteria.
The foregoing observations suggest a close biophysical relationship between Earth's redox chemistry and the emergence of complex multicellular organisms. Prior to the Ediacaran Period, P O2 and, additionally for autotrophs, nutrient availability limited the number of functioning cell layers in eukaryotic organisms. Rising oxygen levels alleviated this constraint 580-560 Ma. The order of magnitude increase in P O2 inferred for this interval would have allowed the maximum volume of diffusion-limited organisms to increase by up to three orders of magnitude (Figure 2 ), providing ample raw material for increased anatomical complexity (cf. Bell and Mooers, 1997) . That is, the latest Proterozoic rise in oxygen would have given the nudge required to set in motion the positive feedback loop of size, transport and differentiation.
In short, the long apparent lag between the appearance of simple multicellularity in eukaryotes and the radiation of groups with complex multicellular organization has an environmental component that can be linked back to the consequences of life with interior and exterior cells. Put another way, the physical environment within which natural selection occurs has changed through time in ways that greatly altered the selective value of mutations favoring three-dimensional multicellularity, with a latest Proterozoic state-shift changing the adaptive landscape irrevocably.
DISCUSSION AND CONCLUSIONS
Having outlined the biophysical requirements for complex multicellularity, we end where we began -with phylogeny. Within the eukaryotes, not all unicellular clades gave rise to simple multicells, and not all groups with simple multicellularity gave rise to organisms with complex multicellularity. Yet, complex multicellular eukaryotes dominate both species diversity and biomass within the domain.
Why have only a few eukaryotic clades evolved complex multicellularity? Understanding why some things don't evolve is challenging, as exemplified by Richard Lewontin's (2003) famous question: why are there no grass-eating snakes? In combination with phylogeny, however, the positive feedback scenario outlined above may be instructive.
Complex multicellularity requires adhesion between cells, communication between cells, and a genetic program for cell differentiation. The capacity of cells to respond to external signals by remodeling is widespread among unicellular eukaryotes, suggesting that at least the rudiments of developmental program predate multicellularity. Molecules that promote cell-cell adhesion also occur widely in originally unicellular clades, where these molecules may well serve other functions (e.g., King et al., 2008) .
Given these distributions, two key steps stand out as key to the emergence of complex multicellularity. First was the establishment of mechanisms for active molecular transport between adjacent cells. Of the 17 eukaryotic clades known to include simple multicellular organisms, only five have plasmodesmata, gap junctions, or incomplete cell walls that facilitate cell-cell communication, and all complex multicellular organisms belong to these five clades.
The second required step, achieved in all groups with intercellular transport mechanisms, was the differentiation of mechanisms for the bulk transfer of oxygen through tissues. The circumvention of diffusion made possible by these innovations provided the jumping-off point for functionally and anatomically complex multicellular organisms.
This perspective reemphasizes a point made earlier by McShea (2002) and others: the evolutionary transition from unicells to complex multicellular organisms has several steps --it is a corridor, not a door. The entrance is marked by genetically mediated, geometrically regular multicellular colonies that derive some fitness benefit from their geometry but pay little penalty for ontogenetic mistakes. Marcot and McShea (2007) have rightly viewed this as a minor transition, as it is commonly reversible 3 . Simple multicells appear to be necessary prerequisites for complex multicellular organisms, but they are not sufficient. The required boost comes from three-dimensionality. Positive feedbacks involving size, signal and materials transfer, and development propel clades toward the exit of the corridor, marking the truly major transition to complex multicellularity. Development underpins the establishment of "irreducible complexity" (Michod, 2007) , where unprogrammed cell proliferation or death can impose a severe penalty on fitness.
Of course, development also makes possible the innovations in structural support, food acquisition, and reproduction that collectively explain the high species richness and extensive biomass of complex multicellular organisms.
In conjunction with biophysical observation and modeling, the geologic record suggests that another door had to be opened along the path to complex multicellularity, this one environmental. Organismic fitness depends on environment as well as phenotype, and physical environments conducive to large size and developmental complexity may not have appeared until life on Earth was already more than three billion years old. By evolving active transport mechanisms that circumvent the strong biophysical constraints of diffusion, complex multicellular organisms reshaped the biosphere. Maldonado (2004) . Estimates are of named species and do not extrapolate to unnamed diversity. Fig. 3 . Diagram showing the empirically-derived relationship between mass-specific metabolic rates for aerobically respiring organisms and the maximum radius of a spherical organism dependent on diffusion for the oxygenation of internal cytoplasm/cells; the high angle lines indicate the predicted limits on metabolic rate and size when (from right to left) P O2 is 1.0 x present atmospheric level (PAL), 0.1 PAL and 0.01 PAL (redrawn from Runnegar, 1991) . The cartoon on the right emphasizes the inward-decreasing gradient of metabolites and signaling molecules expected for diffusion-limited organisms. 
